Context. Vela X-1 is one of the best-studied and most luminous accreting X-ray pulsars. The supergiant optical companion produces a strong radiatively driven stellar wind that is accreted onto the neutron star, producing highly variable X-ray emission. A complex phenomenology that is due to both gravitational and radiative effects needs to be taken into account to reproduce orbital spectral variations. Aims. We have investigated the spectral and light curve properties of the X-ray emission from Vela X-1 along the binary orbit. These studies allow constraining the stellar wind properties and its perturbations that are induced by the pulsating neutron star. Methods. We took advantage of the All Sky Monitor MAXI/GSC data to analyze Vela X-1 spectra and light curves. By studying the orbital profiles in the 4 − 10 and 10 − 20 keV energy bands, we extracted a sample of orbital light curves (∼15% of the total) showing a dip around the inferior conjunction, that is, a double-peaked shape. We analyzed orbital phase-averaged and phase-resolved spectra of both the double-peaked and the standard sample. Results. The dip in the double-peaked sample needs N H ∼ 2 × 10 24 cm −2 to be explained by absorption alone, which is not observed in our analysis. We show that Thomson scattering from an extended and ionized accretion wake can contribute to the observed dip. Fit by a cutoff power-law model, the two analyzed samples show orbital modulation of the photon index that hardens by ∼0.3 around the inferior conjunction, compared to earlier and later phases. This indicates a possible inadequacy of this model. In contrast, including a partial covering component at certain orbital phase bins allows a constant photon index along the orbital phases, indicating a highly inhomogeneous environment whose column density has a local peak around the inferior conjunction. We discuss our results in the framework of possible scenarios.
Introduction
Vela X-1 is the prototype of the class of wind-fed accreting X-ray binaries. The source has been discovered in 1967 (Chodil et al. 1967) and is located at a distance of ∼2 kpc (Nagase 1989) . It is an eclipsing supergiant High Mass X-ray Binary (HMXB), consisting of a neutron star (NS) with mass M NS ∼1.77 M ⊙ (Rawls et al. 2011 ) and a B0.5Ib optical companion, HD 77581, with mass M B ∼23 M ⊙ and radius R B ∼30 R ⊙ (van Kerkwijk et al. 1995) .
A sketch of the binary system is shown in Fig. 1 . The binary orbit is almost circular (eccentricity e∼0.089), with a period of ∼8.9 d (Kreykenbohm et al. 2008 ). The NS orbits at a close distance from the companion's surface, 0.7 R B at the apastron, and it is continuously embedded in its strong stellar wind, characterized byṀ wind = 1.5 − 2 × 10 −6 M ⊙ yr −1 (Watanabe et al. 2006 ) and terminal velocity v ∞ ∼1100 km s −1 (Prinja et al. 1990 ). Passing within the NS accretion radius, r acc = 2GM NS /v 2 rel , this wind is accreted onto the compact object, powering the X-ray emission, with luminosity
where G is the gravitational constant, R NS ∼ 10 km is the NS radius, v rel the relative velocity of the wind seen from the accretion center, and D the distance of the compact object from the center of the companion. The observed average X-ray luminosity of ∼4 × 10 36 erg/s is consistent with a wind-fed accreting pulsar scenario (see Eq. 1). However, it is typical of Vela X-1 to show "off-states" in which it becomes faint for several 10 2 − 10 3 s, and "giant flares", when the source flux suddenly increases up to a factor of 20 (Kreykenbohm et al. 2008; Sidoli et al. 2015) . Density inhomogeneities are observed in the matter during the accretion stage (see Martínez-Núñez et al. 2014 , and references therein) and are considered a possible reason for the observed X-ray flux variability.
Orbital phase-resolved studies of Vela X-1, both observational and theoretical (see Blondin et al. 1991 , and references therein), provide evidence of a strong systematic modulation of the absorbing column density with orbital phase. This is also observed in other HMXBs (see the seminal case of Cen X-3, Jackson 1975, and more recently, the study of IGR J17252-3616, Manousakis et al. 2012) . Such an effect is generally attributed to the NS influence on the stellar wind by various mechanisms. These include the formation of a tidal stream trailing the NS (due to the almost filled Roche lobe of the companion), the Xray photoionization of the wind (which leads to the formation of a Strömgren sphere and a photoionization wake), and an accretion wake that surrounds the compact object (due to the focusing of the stellar wind medium by the NS gravitational influence). A A&A proofs: manuscript no. velamalacaria_revised sketch of the binary system where all these structures are illustrated is shown in Fig. 2 . Many authors have reported on the X-ray light curve and spectral modulation of Vela X-1 around the inferior conjunction (e.g., Eadie et al. 1975 , Watson & Griffiths 1977 , Nagase 1989 . At the same time, the emission from the optical companion also shows modulation with the orbital phase. An absorption feature was reported by Smith (2001) , who observed a dip in the Vela X-1 UV light curve around the transit phase (0.46 < φ < 0.70 in their work, where φ = 0 is the mideclipse). Moreover, Goldstein et al. (2004) , analyzing spectroscopic Chandra data taken at three different phases (i.e., eclipse φ = 0, φ = 0.25 and φ = 0.5), found an absorbed "eclipse-like" spectrum at φ = 0.5 in the soft X-ray energy range. Similarly, Watanabe et al. (2006) found an extended structure of dense material that partially covers the X-ray pulsar, which is between the X-ray emitter and the observer at the inferior conjunction. More recently, Naik et al. (2009) analyzed orbital phase-resolved spectra of Vela X-1 observed with RXTE, finding large variation of the absorbing column density along the orbital phase (up to 10 24 cm −2 ), but their observations do not cover the whole orbit, that is, their data do not include observations between the inferior conjunction and the apastron. Finally, Doroshenko et al. (2013) have shown that the observed increasing absorption at late orbital phase does not agree with expectations for a spherically symmetric smooth wind.
In this paper we present the spectroscopical and light curve analysis of Vela X-1 observed with the Monitor of All-sky Xray Image (MAXI ). Our data show an excellent coverage of the entire orbit and extend over more than four years. We extract a sample of double-peaked orbital profiles in two energy bands, whose dip is around the inferior conjunction. We perform orbital phase-averaged and phase-resolved spectroscopy with different models and analyze our results using the most recent stellar wind accretion scenarios.
Observations and data
The all-sky monitor MAXI (Matsuoka et al. 2009 ) is operating from the International Space Station (ISS) since August 2009. It consists of two slit cameras working in two complementary energy bands: the Solid-state Slit Camera (SSC, Tomida et al. 2011) in the 0.7−10 keV, and the Gas Slit Camera (GSC, Mihara et al. 2011) in the 2 − 20 keV energy bands. Here we only used archival GSC data. The GSC module is composed of 12 proportional counters, each of which consists of a one-dimensional slit-slat collimator and a proportional counter filled with Xe-gas. Assembled, they allow covering a field of view of 1.5×160 deg 2 , observing about 75% of the whole sky at each ISS revolution (∼92 min), and 95% per day. The GSC typically scans a point source on the sky for 40 − 150 s during each ISS revolution (the actual time depends on the source incident angle for each GSC counter). The daily flux source sensitivity at 5σ c.l. in the full energy band is about 20 mCrab, and the 1σ c.l. energy resolution is 18% at 5.9 keV . These properties allowed frequently observing Vela X-1 along its orbit and to collecting data from this source for more than four years.
We extracted spectra and light curves of Vela X-1 from GSC data covering almost the whole MAXI operation time, that is, from 55133 to 56674 MJD (see Table 1 ). Our data were properly corrected to account for the time-dependent effective area of the cameras. All extracted spectra were rebinned to contain at least 200 photons per energy bin. Following the MAXI team recommendation, we added a systematic error at a level of 1% to the final count rates of the extracted spectra.
Orbital profiles samples analysis
The mission-long light curve of Vela X-1 as observed by MAXI/GSC is provided by the MAXI team 1 at different energy ranges. It exhibits a rich variety of timing phenomena. However, we here focus on the orbital properties of the source. We therefore extracted MAXI/GSC light curves with a time resolution of 6 h in two energy bands, 4 − 10 and 10 − 20 keV. Then, we folded the light curves to produce average orbital profiles in the two chosen energy bands, using the orbital ephemeris from Kreykenbohm et al. (2008) that we report in Table 1 . The phase zero is taken at the mid-eclipse time (see Fig. 1 ). The resulting orbital light curves are shown in Fig. 3 , where the strongest changes Fig. 2 . Sketch of the binary system Vela X-1 where both radiative and gravitational effects are illustrated at three different orbital phases. The photoionization wake is represented as a disk-like structure to show both the cumulative effect along one entire orbit (the red ring) and the more localized effect (the fainter red tail) trailing the NS at the inferior conjunction. A clumpy stellar wind, not shown in the picture, may also be taken into account for a more complete scenario. are observed in the softer band light curve. This is explained as strong absorption column modulation along the binary orbit. Successively, we considered the difference between individual orbital light curves (defined as the members of the sample) and the average orbital profile (defined as the template). To obtain a smooth template of the two folded light curves, we interpolated with a cubic spline function between all the pairs of consecutive data points (the knots) of the light curves.
From our line of sight, the accretion wake effects are more prominent for about 0.2 in orbital phase (i.e., about 1.5 days) around the inferior conjunction (see Fig. 1 ). To properly sample these effects, we defined three orbital phase bins that we call X, Y, and Z, corresponding to phase intervals 0.15 − 0.35, 0.35 − 0.55, and 0.55 − 0.75, respectively (see Fig. 3 ). For analogous reasons we imposed for each member a minimum number of data points in each phase bin equal to 4 (i.e., 1 d observation), which leaves us with a total of 84 statistically acceptable cycles. This allowed us to perform a systematic analysis of those members that differ from the template in each of the three defined phase bins. For the systematic comparison of the members' profile against the template, we considered only the relative shape, avoiding any bias from flux variation. For this reason, we normalized each member with a normalization factor equal to the ratio of the average count rate between 0.10 − 0.85 and the template average count rate in the same phase interval. Successively, we subtracted the count rates of the template from the count rates of each member in the X, Y, and Z phase bins. To evaluate the template and the member count rate in each phase bin, we calculated the median of the data points. The obtained count rate difference is referred to as the residuals with respect to the template. The residuals of the members from the template for the Y phase-bin in the 4−10 keV energy band are shown in Fig. 4 . This plot shows a scattered distribution of the residuals, as expected because of the high variability of the source. However, the plot also clearly shows that residuals tend to cluster toward negative values. Therefore, we performed a new analysis and stacked only those members that had high (> 30%) negative residuals (i.e., < −0.0345 cnt/s) in the Y phase bins and at the same time low (< 30%) residuals in the X and Z phase bins. This allowed us to obtain a new average orbital profile in the 4 − 10 keV energy band, made of 12 out of 84 total orbital cycles (i.e., about 15% of the analyzed cycles). This is shown in Fig. 5 . Using a different definition of the residuals, where the ratio between the median values is taken (instead of their difference), shows the very same trend as that in Fig. 4 , and leads to the same selected profiles.
Since our normalization procedure could remove fluxdependent features, we carefully verified that these selected profiles were not associated with a specific luminosity level before normalization. In addition, for all of these 12 selected profiles, the null hypothesis was tested against the template with normality tests (χ 2 , Kolmogorov-Smirnov, Shapiro-Wilk) and was rejected at a significance level higher than 3σ. Furthermore, they all show a median value in the Y phase-bin that deviates at least 3σ from the template. These profiles are characterized by a A&A proofs: manuscript no. velamalacaria_revised 55000 55200 55400 55600 55800 56000 56200 56400 56600 56800
Time [ double-peak shape and a flux drop around the inferior conjunction. We refer to them as the double-peaked sample.
Similar results are obtained if the same procedure is performed in the 10 − 20 keV energy band. In this case, the selected profiles are 11 out of 84. The overall profile shape is very similar to the profile obtained in the 4 − 10 keV energy band, with a double-peak morphology and a dip around the inferior conjunction. The extracted sample in the 10 − 20 keV energy band is shown in Fig. 5 .
Finally, we extracted another independent sample in the two energy bands by stacking all the statistically acceptable orbital profiles except for the double-peaked members in each respective energy band. We refer to this sample as the standard sample. The standard sample orbital profiles in the two energy bands are shown with dashed lines in Fig. 5 .
Phase-averaged spectral analysis
The orbital phase-averaged spectral analysis of Vela X-1 was performed separately for the two samples defined in Sect. 3. Because the physical problem is complex, a fully physical model of the X-ray production mechanism in accreting X-ray pulsars has not been implemented so far. Therefore, an empirical model has to be used. Following the common empirical model used in the literature (see, e.g., Schanne et al. 2007 ), we adopted a cutoff power-law model (cutoffpl in XSPEC) to which a blackbody component was added to account for soft excess (see Hickox et al. 2004 and references therein). On the other hand, to account for the expected inhomogeneous structure of the ambient wind in Vela X-1, we also tested the partial covering model (pcfabs*powerlaw in XSPEC) characterized by a local absorbing component (N pc H ) that affects only a fraction f of the original spectrum. This model has also been successfully used to fit NuStar data of Vela X-1 (Fürst et al. 2014) . To both models, photoelectric absorption by neutral matter (Morrison & McCammon 1983) was added, to account for the absorption column den- sity (N H ) along the entire line of sight. We assumed solar abundances by Anders & Grevesse (1989) for this. Using the metal abundances of Kaper et al. (1993) for HD 77581 (i.e., sub-solar C, and super-solar N, Al) does not affect our results, which are well consistent within 1σ. Therefore, we used solar abundances throughout the rest of the analysis. We also added two iron Gaussian line components (Odaka et al. 2013 ), Kα and Kβ at 6.4 and 7.08 keV.. The same components were included in the models used for the phase-resolved spectroscopy. The results of the fits are given in Table 2 . Both models return acceptable fits for the standard and the double-peaked sample. However, for the standard sample, the partial covering model describes the data not as well as the cutoff power-law model.
Phase-resolved spectral analysis

Orbital phase-resolved spectroscopy of the double-peaked sample
To investigate the nature of the dip in the double-peaked sample, we extracted X-ray spectra of Vela X-1 in the X, Y and Z orbital phase bins. For this, we filtered MAXI/GSC data with GTIs corresponding to the three phase bins in the double-peaked profiles (see Sect. 3). Based on the results from Sect. 4, we used the same models as were applied in the phase-averaged case to fit the orbital phase-resolved spectra: (a) a cutoff power-law model plus a blackbody component, and (b) a partial covering model. To avoid unphysical best-fit solutions when model (a) was used, we fixed the cutoff energy and the blackbody temperature to their respective phase-averaged values. For model (a) we also compared the results for a fixed (to the phase-averaged value, Γ = 0.27, see Table 2 ) or free photon index. We found that the model with free photon index is statistically preferable (∆χ 2 > 20). Furthermore, fitting the Y phase bin spectrum, the model with a fixed photon index leads to unphysically high values of the blackbody normalization (to compensate for the soft excess). Thus, we did not consider the cutoff power-law model with a fixed photon in- Table 3 ). The ellipses are χ 2 -contours for two parameters (N H and Γ). The contours correspond to χ 2 min + 1.0 (the projections of this contour to the parameter axes correspond to the 68% uncertainty for one parameter of interest), χ dex a viable model in our analysis (similar considerations hold for the phase-resolved spectroscopy of the standard sample, see Sect. 5.2). It is often possible to find a statistically equivalent solution for model (b) where the partial covering component is not necessary. We tested the significance of the partial covering component with the F-test, including such a component only when it was significant at a 99% c.l. Otherwise, we preferred the solutions where the partial covering component was not included. The same criterion was adopted for the standard sample case (see Sect. 5.2) Models (a) and (b) both return a good fit, and the results are shown in Table 3 . Model (a) shows orbital modulation of the spectral photon index Γ. To better explore the spectral variation, we produced χ 2 -contour plots of Γ and N H in the three phase bins (see Fig. 6 ).
Conversely, model (b) does not show photon index modulation along the orbital phase, although it shows variation of the column density. A plot of the double-peaked phase-resolved spectra fit with the partial covering model is shown in Fig. 8 .
Orbital phase-resolved spectroscopy of the standard sample
Similarly to the double-peaked sample, we performed orbital phase-resolved spectroscopy of the standard sample. However, for this sample, the statistics is much higher than in the previous case, so that a finer binning is possible. We divided the standard sample profile into seven phase bins, each one wide 0.1 in phase, from 0.1 to 0.8. Phase bins around the eclipse time are not suitable for our purpouses and suffer from lower statistics, therefore they were not analyzed in our work. The analyzed phase bins are labeled φ i , with i = 1, ..., 7. Then we filtered our data with GTIs corresponding to the seven orbital phase bins and extracted orbital phase-resolved spectra of the standard sample. Based on the results from Sect. 4, we fit the phase-resolved spectra with the same two models: (a) a cutoff power-law with Table 4 ). Symbols are the same as in Fig. 6 . The respective orbital phase bins are indicated. a blackbody component, and (b) a partial covering model. To avoid unphysical best-fit solutions, we fixed the cutoff energy and the blackbody temperature of model (a) to their respective phase-averaged value. As already mentioned in Sect. 5.1, model (b) returns two statistically equivalent solutions: one where the partial covering component is statistically significant, and the other where the same component is not necessary. In such cases, we adopted the solution in which the partial covering component was not required, unless it was significant at a 99% c.l. The results are given in Table 4 . All phase-resolved spectra return good fits for each of the two tested models. However, the cutoff power-law model with blackbody shows a marked modulation of the spectral photon index Γ along the orbital phase. The trend of this modulation is similar to that observed for the double-peaked sample (see Sect. 5.1). For a deeper investigation of these results, χ 2 -contour plots of Γ and N H were produced (see Fig. 7) . The partial covering model shows only marginal variation of the photon index Γ, while the column density clearly changes along the orbital phase, and the covering fraction is consistent with a constant value. A plot of the standard sample phaseresolved spectra fit with the partial covering model is shown in Fig. 9 .
Discussion
The main observational results of our work can be summarized as follows:
-About 15% of the orbital light curves in Vela X-1 shows a double-peaked orbital profile, with a dip around the inferior conjunction, both in the 4 − 10 keV and 10 − 20 keV energy bands; -orbital phase-resolved spectra of both the double-peaked and the standard sample are well fit by a cutoff power-law model and by a partial covering model; -the cutoff power-law model leads to orbital modulation of both the spectral photon index and the column density; -a partial covering model fits the data equally well. No orbital modulation of the spectral photon index is observed in this case. In contrast, orbital modulation of the column density is observed.
In the following we discuss our results within the context of the most recent wind accretion scenarios that have been proposed for Vela X-1.
Double-peaked orbital light curve
Indications of a double-peaked orbital light curve in Vela X-1 have already been reported by earliest observations of the source with Ariel V (Eadie et al. 1975; Watson & Griffiths 1977) . Based on Tenma data, Nagase (1989) found an increase of the column density along the NS orbit, in particular after the transit phase. Blondin et al. (1991) took both gravitational and radiative effects into account and reproduced the observed orbital phase dependence of the column density. They found that an accretion wake that extends toward the observer's line of sight at the inferior conjunction produces a local peak in the column density absorption along the binary orbit.
Intriguing evidence on the accretion wake in Vela X-1 was obtained by Smith (2001) , who inferred that a hot source around the transit phase of the NS is present by analyzing He λ1640 absorption line strengths. Based on Chandra X-ray data, Watanabe et al. (2006) also have inferred the presence of a dense cloud obscuring the compact source at the inferior conjunction. All these results are tightly related to the observational features reported in this work.
The sample of double-peaked orbital profiles, obtained from the very long MAXI/GSC monitoring of Vela X-1, shows a remarkable dip at phase Y, also in the 10 − 20 keV band. This is challenging to explain solely by invoking absorption from neutral matter. The X-ray flux observed at the dip phase is about half of the flux in the standard sample at the same phase (see Fig. 3 ). To halve a luminosity of ∼4 × 10 36 erg/s in the 10 − 20 keV band, a column density value of N H ∼ 2 × 10 24 cm −2 is needed, ∼10 times higher than what is observed in our study.
In addition, hydrodynamical simulations of stellar winds in HMXBs (Blondin et al. 1991 , Manousakis et al. 2012 ) predict a local peak of the column density N H around the inferior conjunction on the order of 10 23 cm −2 . This agrees with our observations. We also mention that the INTEGRAL analysis of Fürst et al. (2010) highlights a possible dip-like feature around the transit in the phase-resolved flux histograms of Vela X-1 at 20 − 60 keV, that is, at an energy band that is almost unaffected by absorption. Our conclusion is therefore that some additional mechanism must be at work that contributes to the flux reduction at the inferior conjunction, and that is triggered only in a limited sample of orbital cycles.
A contribution to the observed reduced flux could come from the Compton scattering at the low-energy limit, where the cross section is characterized by only a weak dependence on the photon energy and can be approximated by the Thomson scattering cross section (σ T = 6.65 × 10 −25 cm 2 ). To efficiently scatter Xrays from the accreting pulsar, the surroundings of the compact Table 4 . Best-fit spectral parameters of the orbital phase-resolved spectra from the standard sample. The errors correspond to the 1σ-uncertainties.
Sample
Cutoff PL + BB (E cut = 20.1 keV fixed, kT BB b = 0.14 keV fixed) Table 3 for all spectral parameters. object need to be ionized and dense enough. Hydrodynamical 2D and 3D simulations of the stellar wind in Vela X-1 by Mauche et al. (2008) showed that the interaction of the wind with the NS leads to strong variations of the wind parameters. These authors found that the accretion wake reaches high temperatures (∼10 8 K) and a high ionization parameter (ξ = L x /(n R 2 ion ) ∼ 10 4 erg cm s −1 , where n is the number density at a given point, while R ion is the distance from this point to the X-ray source). The accretion wake extends to scales on the order of the optical companion size (R ∼ 10 12 cm) with a number density of ∼10 9−12 cm −3 , which, taking an average value of n ∼ 10 10 cm −3 , leads to a column density of ∼10 23 cm −2 . This is similar to the values obtained from our spectral analysis of the doublepeaked sample in the Y phase bin (see Sect. 6.2.2 and Table 3 ). Moreover, the bremsstrahlung cooling time is about 10 11 √ T /n s (Rybicki & Lightman 1979 ) that is, ∼10 5 s, or about one day, which agrees with the observed time duration of the dip. In other words, the gas stays ionized for a time long enough to allow Thomson scattering. The ionized gas is not traced by the spectral absorption in the soft X-ray band. Nonetheless, its electron density n is high enough to result in an optical depth value of τ = n l σ T = 0.5 − 0.7 (where l = 2 × 10 12 cm is the length of the accretion wake). Thus, when the ionized stream of the accretion wake passes through the observer's direction, that is, during the transit, a substantial part of the X-ray radiation can be efficiently scattered out of our line of sight. This scenario is further supported by the normalization of the power-law component, which appears to be modulated along the orbit (see Table 3 ), indicating an intrinsically dimmer flux at the inferior conjunction (although large parameter uncertainties need to be considered). Stellar-wind variability may then be responsible for the modifications of the accretion wake, which in turn modify the orbital light curve shape, alternating between a double-peaked and a standard morphology. We therefore conclude that the ionized gas in the hot accretion wake, combined with its high column density, is a possible cause for the dip that is observed at the inferior conjunction in the double-peaked sample light curves. Table 4 for all spectral parameters.
Spectral results
Orbital phase-averaged spectroscopy
Orbital phase-averaged spectra in the 2 − 20 keV energy range of both the double-peaked and the standard sample were modeled with a cutoff power-law model, adding a blackbody component to account for the soft excess, and with partial covering (Table 2). For the double-peaked sample, both models return a good fit. For the standard sample the partial covering model is only marginally acceptable, while the cutoff power-law describes the data well.
As a result of the inhomogeneous environment in which the NS travels along the binary orbit, our phase-averaged results are not straightforward in terms of physical interpretation. Instead, these results were used to avoid unphysical best-fit solutions of the orbital phase-resolved spectra, fixing some of the model parameters to their phase-averaged value (see Sect. 6.2.2 and Sect. 6.2.3).
Double-peaked sample phase-resolved spectroscopy
Fitting the phase-resolved spectra of the double-peaked sample with a cutoff power-law results in orbital modulation of the photon index (see Table 3 ), which has never been observed in Vela X-1 to the best of our knowledge. The spectrum becomes harder at the inferior conjunction (Y phase bin) than at earlier and later phases (X and Z phase bins, respectively). Contour plots for N H and Γ (shown in Fig. 6 ) appear clearly distinct from one phase bin to another, indicating that the modulation is not due to the intrinsic coupling between the two parameters. Prat et al. (2008) reported photon index modulation along the binary orbit of HMXB IGR J19140+0951. These authors ascribed the observed orbital modulation to a variable visibility of the region that produces the soft excess. Since we do not observe any modulation of the blackbody component, our study does not support this interpretation. To the best of our knowledge, we did not find any reliable physical interpretation for this phenomenon.
Modeling with partial covering does not show an orbital modulation of the photon index. This model results in absorption increase along the orbital phase (see Sect. 6.2.3 for a more comprehensive discussion of this result) and in a partial covering component with high covering fraction needed at the Y phase bin, which is not required at earlier or later phases, however (see Table 3 ). A possible interpretation of these results is given by the oscillating behavior of the accretion wake (Blondin et al. 1990 ). Because of the orbit-to-orbit variations of the ambient wind, the tail of the accretion wake is expected to oscillate with respect to our line of sight. Averaging this behavior over several orbital periods would result in a large covering fraction, where the wobbling accretion wake simulates an inhomogeneous absorbing environment.
A different interpretation might be that an intrinsically inhomogeneous structure is present around the inferior conjunction and partially covers the X-ray source. Inhomogeneous stellar winds from supergiant stars (so-called clumps) are expected (Runacres & Owocki 2005) and observed (Goldstein et al. 2004 , and references therein), and have been suggested as the cause for Vela X-1 flaring activity (see Kreykenbohm et al. 2008 and Martínez-Núñez et al. 2014) . The timescale on which clumps hit the X-ray pulsar is on the order of the wind's dynamic timescale
where 0.5R B is the average separation between clumps (Sundqvist et al. 2010 ). Thus, if we consider the X-ray source on longer timescales, the resulting effect is a partially covered spectrum. However, if the partial covering is due to the inhomogeneous structure of the ambient wind, no modulation of this component with orbital phase would occur. In contrast, our results underline the necessity of partial covering only for the Y phase bin spectra, where the obscuration effect of the accretion wake is maximized. Hydrodynamical simulations (Blondin et al. 1990 (Blondin et al. , 1991 revealed that the accretion wake is composed of compressed filaments of gas and rarefied bubbles. Moreover, recent models also showed that density perturbations in stellar winds of OB stars only develop at distances larger than the NS orbital radius in Vela X-1 (r ∼ 1.1 R ⋆ , see Fig. 2 in Sundqvist & Owocki 2013) . Therefore, intrinsic stellar wind clumps around the X-ray pulsar could be not structured enough to trigger the observed high X-ray flux variability. Instead, the inhomogeneous structure characteristic of the accretion wake trailing the NS indicates that the compact object could be able to perturb the ambient wind such that clumps are formed at its passage. The sphere of influence of the X-ray pulsar is dictated by its accretion radius, r acc ∼10 11 cm (Feldmeier et al. 1996) and by the Strömgren sphere defined by the photoionization parameter ξ = L x /(n R 2 ion ), which leads (see Sect. 6.1 for parameter definitions and values) to a photoionization radius R ion ∼ 0.2R B ∼ 6 × 10 11 cm ∼ r acc . Since the orbital velocity of the NS is v orbit ≈ 280 km/s, the perturbation timescale is about
which can be considered as an upper limit for the X-ray variability induced by accretion of locally formed clumps. This is consistent with observations which showed that flares in Vela X-1 last from 10 2 s up to 10 4 s (see Ducci et al. 2009; Martínez-Núñez et al. 2014 , and references therein).
Even though the inhomogeneous structure characteristic of the accretion wake might be a possible cause for the observed partial covering around the inferior conjunction, it cannot be directly probed within the context of our MAXI analysis, which only allows inferring the long-term properties of the source averaged over several orbital phase bins.
High-resolution spectroscopic observations carried out at critical orbital phases are necessary in future to distinguish among different models and constrain stellar wind scenarios and accretion modalities in Vela X-1.
Standard sample phase-resolved spectroscopy
Modeling phase-resolved spectra of the standard sample with a cutoff power-law leads to a hardening of the spectra around the inferior conjunction of about ∆Γ∼0.35. As we pointed out in Sect. 6.2.2, a physical mechanism for such an orbital dependence of the photon index is not known and is difficult to explain.
On the other hand, fitting the spectra with a partial covering model shows that the neutral matter column density N H increases toward later phases, varying from ∼10 22 after the egress (φ 1 ), to ∼10 23 cm −2 before the ingress (φ 7 ). This agrees with earlier studies of Vela X-1 (see, e.g., Nagase 1989), and a similar phenomenon has been observed in other HMXBs as well, for instance, in 4U 1700-37 (Haberl et al. 1989) . Based on the analysis of both optical (Carlberg 1978; Kaper et al. 1994 ) and X-ray data (Feldmeier et al. 1996) , it has been shown that the accretion wake is not adequate to explain the later phase (φ > 0.5) absorption, and that a more extended photoionization wake is necessary.
When this model is applied, the spectral photon index modulation along the orbital phase is only marginal. Based on the best-fit results, we can adopt here a similar interpretation as for the double-peaked sample results, that is, an inhomogeneous ambient medium that produces strong absorption of the X-ray emission and whose absorption efficiency depends on the orbital phase (see Sect. 6.2.2). The column density shows a local peak of N pc H ∼3 × 10 23 cm −2 around the inferior conjunction, similar to what is observed for the double-peaked sample, strengthening the connection with the accretion wake. Moreover, this sample needs the partial covering component also to fit the spectrum of the phase bin φ 2 , which is located around the NS greatest eastern elongation (see Fig. 1 ). Regardless of whether the partial covering is due to a wobbling or an inhomogeneous accretion wake, these results indicate at a wake that affects the observations at earlier phases than the inferior conjunction.
We therefore conclude that the absorbing (and likely inhomogeneous) material that partially covers the X-ray pulsar might be due to a different influence of the accretion wake at different orbital phases.
Summary
We have presented the results of a very long MAXI observation of Vela X-1, which allowed us to perform detailed spectral (phase-averaged and phase-resolved, in 2 − 20 keV) and light curve (in 4 − 20 keV) analysis. Our results can be summarized as follows:
-About 15% of the orbital light curves in Vela X-1 shows a double-peaked orbital profile, with a ∼1.5 day dip around the inferior conjunction in the 4−10 keV and 10−20 keV energy bands. -Explaining the dip around the inferior conjunction by absorption alone requires column density values of about 2 × 10 24 cm −2 , which are not observed in our analysis. -The dip in the double-peaked sample might be produced by considering contribution from Thomson scattering by an ionized accretion wake that is elongated toward the observer during the transit. Intrinsic variability of the stellar wind leads to strong variations of the accretion wake, including A&A proofs: manuscript no. velamalacaria_revised its ionization degree, thus to alternating double-peaked and standard profiles. -When fit with a cutoff power-law model, the double-peaked and the standard samples both show spectral hardening around the inferior conjunction (by ∼0.3 in terms of the photon index). We did not find any reliable physical interpretation for this phenomenon, which likely indicates that the model is inadequate for Vela X-1. -Orbital photon index modulation is avoided if a partial covering component is used around the inferior conjunction. This component indicates a highly inhomogeneous environment and local column density peak values of ∼3 × 10 23 cm −2
around the inferior conjunction (orbital phases around the eclipse were not analyzed). -Our results suggest either a wobbling or an inhomogeneous accretion wake as the source of the partial covering around the inferior conjunction. Gravitational and radiative effects from the X-ray pulsar may be responsible of density inhomogeneities in the ambient wind that successively feed the observed high X-ray variability. Moreover, the absorption properties of the accretion wake seem to take place at earlier phases than the inferior conjunction. -Some of the analyzed orbital phase-bin spectra do not need a partial covering component. Therefore, any spectral analysis of Vela X-1 needs to consider the orbital phase at which the observation has been carried out.
